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ABSTRACT
Infrared-dark clouds (IRDCs) harbor the early phases of cluster and high-mass star formation and are comprised of cold (∼20 K), dense
(n > 104 cm−3) gas. The spectral energy distribution (SED) of IRDCs is dominated by the far-infrared and millimeter wavelength
regime, and our initial Herschel study examined IRDCs at the peak of the SED with high angular resolution. Here we present a
follow-up study using the SABOCA instrument on APEX which delivers 7.8′′ angular resolution at 350 µm, matching the resolution
we achieved with Herschel/PACS, and allowing us to characterize substructure on ∼0.1 pc scales. Our sample of 11 nearby IRDCs are
a mix of filamentary and clumpy morphologies, and the filamentary clouds show significant hierarchical structure, while the clumpy
IRDCs exhibit little hierarchical structure. All IRDCs, regardless of morphology, have about 14% of their total mass in small scale
core-like structures which roughly follow a trend of constant volume density over all size scales. Out of the 89 protostellar cores we
identified in this sample with Herschel, we recover 40 of the brightest and re-fit their SEDs and find their properties agree fairly well
with our previous estimates (< T >∼ 19 K). We detect a new population of “cold cores” which have no 70 µm counterpart, but are
100 and 160 µm-bright, with colder temperatures (< T >∼ 16 K). This latter population, along with SABOCA-only detections, are
predominantly low-mass objects, but their evolutionary diagnostics are consistent with the earliest starless or prestellar phase of cores
in IRDCs.
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1. Background and Motivation
Despite the importance of high-mass stars to the energy bud-
get of galaxies, their formation remains a major open question
in astronomy (Zinnecker & Yorke, 2007). A major hindrance
to progress is the inherent difficulty in obtaining well-defined
initial conditions observationally. Because high-mass stars are
rare, they are on average at large distances, thus angular res-
olution is of paramount importance. With the advent of Spitzer
Space Telescope and Herschel Space Observatory (Pilbratt et al.,
2010), coupled with extensive ground-based survey efforts, we
now can approach this observational task statistically.
Ever since their discovery in absorption in mid-infrared
Galactic plane surveys, ISO data (Perault et al., 1996) and MSX
observations (Egan et al., 1998), infrared-dark clouds (IRDCs)
have been subject to intense study because they are the cold
(T < 20 K), dense (n > 104 cm−3) environments believed to
be required for the formation of high-mass stars and clusters
(cf. Rathborne et al., 2006; Ragan et al., 2009; Battersby et al.,
2010). They are located throughout the Galactic plane, concen-
trated within the spiral arms (Jackson et al., 2008). The forma-
tion of IRDCs, their kinematic structure and population of self-
gravitating cores, and their final dissipation are all important in-
? Based on observations carried out with the Atacama Pathfinder
Experiment (APEX). APEX is a collaboration between Max Planck
Institut fu¨r Radioastronomie (MPIfR), Onsala Space Observatory
(OSO), and the European Southern Observatory (ESO).
gredients on our way to understanding the nature of high-mass
star formation.
In Spitzer continuum bands, IRDCs appear “dark,” but only
Herschel observations showcase the transition from dust ab-
sorbing the galactic background (shortward of ∼100 µm) into
optically thin emission of cold dust structures (longward of
∼100 µm). On small scales, Herschel has transformed our view
of IRDCs by probing their deeply embedded core population,
a fact that has been extensively exploited in recent literature
(Henning et al., 2010; Beuther et al., 2010; Linz et al., 2010;
Bontemps et al., 2010; Ward-Thompson et al., 2010; Ko¨nyves
et al., 2010; Hennemann et al., 2010; Motte et al., 2010;
Battersby et al., 2011; Beuther et al., 2012; Giannini et al., 2012;
Ragan et al., 2012b; Rygl et al., 2013; Gaczkowski et al., 2013;
Pitann et al., 2013; Stutz et al., 2013). In these works, the spec-
tral energy distribution (SED) of compact or point-like sources
have been analysed, thus giving estimates of the mass, luminos-
ity, and average temperature of the objects.
While Herschel provides a new look at the star formation in
IRDCs, the properties of the cores are not strongly-constrained
by Herschel observations alone. For example, in Ragan et al.
(2012b, hereafter R12), we find the presence of a 24 µm MIPS
and PACS 70 µm counterpart to be an important evolutionary
indicator. On the long-wavelength (λ > 160 µm) side of the
SED, however, there are very few constraints at matching an-
gular resolution. In order to address this issue, we obtained
maps of eleven IRDCs selected from the Earliest Phases of Star
Formation (EPoS) Herschel guaranteed time key program sam-
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Fig. 1. Top: 24 µm image of region in IRDC011.11-0.12 with
ATLASGAL 875 µm contours. The 19.2′′ ATLASGAL beam at
this wavelength is shown in the lower-left corner. Bottom: PACS
100 µm image of the same region over-plotted with SABOCA
350 µm contours. The 7.8′′ SABOCA beam is shown at the
lower-left corner. The white square marks the position of a
24 µm-bright protostar; the white × marks the position of a
24 µm-dark protostar; the white triangle marks a IR-dark core.
ple of IRDCs (R12) with APEX telescope using SABOCA, a
bolometer operating at 850 GHz, or 350 µm. The angular resolu-
tion, 7.8′′ is well-matched to the Herschel/PACS resolution, so
the physical scales can be directly compared. The goal of this
study is to examine the cloud structure seen with SABOCA first
independently then in concert with the Herschel dataset. Do we
recover all Herschel cores? How reliable are the properties de-
rived from our original “PACS-only” SEDs? What is the nature
of recovered PACS sources and new sources found only with
SABOCA?
To this end, we first employ the hierarchical structure identi-
fication algorithm, dendrograms to quantify the emission struc-
tures. Then we correlate the structures with those known from
Herschel observations. We model the SEDs to derive or place
(upper limits on) the mass, luminosity, and temperature of each
structure to place them in evolutionary context. These observa-
tions prove to be critical in characterizing the early pre- and pro-
tostellar phases of star formation in IRDCs.
2. Observations and data reduction
2.1. Sample Selection
As part of the Herschel Earliest Phases of Star formation (EPoS)
guaranteed time key program, we investigated the protostellar
core population in 45 massive regions (R12) From this sam-
ple, we selected eleven IRDCs which exhibit a range in mor-
phology and protostellar populations. The clouds, their positions
and kinematic distances are listed in Table 1. The sample con-
tains a mix of filamentary and clumpy clouds, where “filamen-
tary” is defined as a cloud with dense (N > 1021 cm−2) material
elongated preferentially along one axis by at least an aspect ra-
tio of 3:1. Clouds that qualify as “filaments” are IRDC 011.11-
0.12, IRDC 028.34+0.06, IRDC 316.72+0.07, and IRDC 18223.
These are also the most massive clouds (see Table 1), but they
have similar distances to the seven clumpy clouds in the sample.
We have selected well-studied clouds, which has the added
advantage that existing molecular line surveys (e.g. Ragan et al.,
2006; Vasyunina et al., 2011, Tackenberg et al. (submitted)) have
already verified that the IRDCs contained in our selected fields
are coherent in velocity space. Thus, we are confident that the
clouds are each genuine cold, absorbing entities at a common
distance (all on the near side of the Galaxy) and not chance-
aligned clouds.
2.2. APEX observations and data reduction
We surveyed our sample at the Atacama Pathfinder Experiment
(APEX) 12-m telescope using the Submillimetre APEX
Bolometer Camera (SABOCA, Siringo et al., 2010), a 37-
element array operating at 350 µm with 7.8′′ angular resolu-
tion. Our pilot study to map IRDC011.11-0.12 was completed
in 2010 (project M085-0029), and the remaining ten sources
were observed in April and August of 2011 (project M087-
0021). Throughout the observations, the precipitable water va-
por (PWV) was required to be below 0.5 mm and ranged from
0.2 mm to 0.5 mm throughout the observations. The atmospheric
opacity at zenith was calculated using the skydip procedure and
was found to be less than 1.
The data were reduced using the BOA software (Schuller,
2012) using the standard iterative source-masking procedure.
Each map is comprised of a series of spiral scans. In the first
iteration, the scans are calibrated based on the estimated opac-
ity, noisy channels are then flagged, and correlated noise is re-
moved. This produces the initial map. In subsequent iterations,
we use a smoothed version of the initial map that serves as a
model for the actual emitting structure. This model is subtracted
from the initial map in order to model (“flat-field”) the residual
flux. The model is then added back to the image. The process is
repeated on the new image until the flux levels plateau and the
artefacts (e.g. “bowls” surrounding strong emssion regions) are
minimized.
A summary of the observations is given in Table 1, which
notes the size of our bolometer maps, the total integration time,
and the rms that we achieved in each map. We compute the rms
from 1′×1′ sized emission-free regions in each map. An example
map of a small region in IRDC 011.11-0.12 is shown in Figure 1,
and the full set of maps are presented in Appendix A.
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Table 1. Target and observation summary
IRDC RA (J2000) Dec (J2000) Distance Mbatlasgal map size observation tint rms N(H2)
sens
namea (h:m:s) (◦:
′
:
′′
) (kpc) (M) (′×′) date (sec) (Jy beam−1) (cm−2)
IRDC 310.39-0.30 13:56:04.9 -62:13:42 5.0±1.2 1398 6 × 6 2011-04-03 7560 0.22 8.44E+21
IRDC 316.72+0.07* 14:44:19.2 -59:44:29 2.8±0.40.5 3165 6 × 6 2011-04-14 7560 0.26 9.97E+21
IRDC 320.27+0.29 15:07:45.0 -57:54:16 2.3±0.4 156 6 × 6 2011-04-15 7500 0.26 9.97E+21
IRDC 321.73+0.05 15:18:13.1 -57:21:52 2.3±0.4 564 7 × 7 2011-08-16 7980 0.23 8.82E+21
IRDC 004.36-0.06 17:55:45.6 -25:13:51 3.3±1.01.6 327 6 × 5 2011-08-22 7860 0.19 7.29E+21
IRDC 009.86-0.04 18:07:37.4 -20:26:20 2.7±0.60.8 143 6 × 6 2011-04-14 7440 0.19 7.29E+21
IRDC 011.11-0.12* 18:10:27.7 -19:20:59 3.4±0.5 5045 9 × 23 2010-05,11 21000 0.27 1.04E+22
IRDC 015.05+0.09 18:17:40.3 -15:49:10 3.0±0.40.5 160 6 × 6 2011-08-16 3840 0.43 1.65E+22
IRDC 18223* 18:25:11.5 -12:49:45 3.5±0.30.4 3501 4 × 16 2011-04-19 12060 0.21 8.06E+21
IRDC 019.30+0.07 18:25:53.8 -12:06:18 2.4±0.40.5 624 7 × 7 2011-04-19 4500 0.42 1.61E+22
IRDC 028.34+0.06* 18:42:50.3 -04:02:17 4.5±0.3 15011 7 × 8 2011-08-16 3780 0.40 1.54E+22
(a) Filamentary IRDCs denoted with asterisk.
(b) Mass above N ∼1021 cm−2 from ATLASGAL survey (see Ragan et al., 2012b).
3. Structure Identification
3.1. Method
The defining hierarchical nature of molecular clouds has given
rise to many characterization techniques which attempt to assign
gas, traced either by molecular line emission or dust, to struc-
ture on various scales. For consistency, we adopt the size-based
terminology given to these scales in Bergin & Tafalla (2007):
a “core” ranges in size between 0.03 and 0.2 pc and a “clump”
from 0.3 to 3 pc, and both entities are found within the bound-
aries of several parsec sized “clouds”. The SABOCA angular
resolution accesses the “core” scale in our sample of IRDCs.
One method that quantitatively describes this hierarchy is a
structure tree algorithm, popularly implemented in astronomy
with the dendrogram representation (Rosolowsky et al., 2008).
An advantage to using this technique is that it imposes no as-
sumptions about the shape or emission profile of the tree struc-
tures, and it operates on both two and three dimensional datasets.
We use the python implementation, astrodendro1. Our moti-
vation for using such an algorithm is to quantify the relative flux
contributions at 350 µm from the core and from the cloud. Our
methodology is described below.
A dendrogram tree has three main features: a trunk,
branches, and leaves, which amount to surfaces within increas-
ing contour levels in our two-dimensional dataset. We define our
lowest contour level, or the intensity associated with the trunk
of the dendrogram tree, to be 3-σ (roughly corresponding to
a mean minimum detectable column density of 1022 cm−2, see
Table 1 and Section 4.1), and we require 1-σ steps and eight con-
tiguous pixels (selected to match the number of pixels per APEX
beam) to define further branches up the intensity tree. The peaks
comprise the so-called “leaf” population. We show an example
dendrogram tree in Figure 3 for IRDC 015.05+0.09. In this ex-
ample, there are four leaves with no parent structure (3, 6, 7, and
8) and four leaves which are nested in a parent structure. The
minimum contour level is shown with the dashed line.
Table B.1 lists the positions of all leaves and the total flux of
each leaf, 135 in total in the 11 IRDCs. If the leaf stems from a
trunk or branch (i.e. a parent structure, the average flux of which
is known within the algorithm as the “merge level”), we cor-
rect that flux by subtracting the merge level flux from each leaf
pixel. In Figure 2 we show the flux distribution for leaves with
no parent structures and both the corrected and uncorrected flux
1 http://github.com/bradenmacdonald/astrodendro
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Fig. 2. Distribution of S 350µm for corrected (magenta) and un-
corrected (green) leaves, compared with leaves with no parent
structure (black hatched).
distributions for leaves stemming from parent structures2. We
define the correction factor, µcorr, as the ratio of uncorrected to
corrected total leaf flux. We plot µcorr as a function of leaf sur-
face brightness in Figure 4a. The mean value for µcorr in child
leaves is 4.8, but ranges between 1.4 and 15 (see Figure 4b). We
find no trend in the needed correction as a function of surface
brightness, and the implications of this will be further discussed
in Section 5.1.
This method is designed to isolate the flux of the core struc-
tures by removing the contribution of the less dense surrounding
cloud. The SABOCA observations do filter out some large-scale
structure, but here we take advantage of the superb angular reso-
lution of these data and assume that at the locations of the emis-
sion peaks, the small scale core is the dominant source. We will
address the hierarchical cloud structure in a forthcoming publi-
cation. In this paper, we concentrate on the core population.
2 We note that this method of separating leaf flux from branch flux
will give lower flux values than would have otherwise been estimated.
Throughout the following calculations, we adopt the corrected value but
note the upper limit had the parent flux been included.
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Fig. 3. Example of dendrogram tree structure for
IRDC 015.05+0.09. The indices are those listed in Table B.1
in order of increasing right ascension. The black leaves (3, 6,
7, and 8) have no parent tree structure, and the red leaves are
nested in separate trunks. Their flux values were corrected for
the local merge level, which is marked in blue. The horizontal
black dashed line shows the 3-σ minimum flux requirement for
this cloud.
3.2. Core recovery rates
We cross-matched the positions of the SABOCA leaves with the
Herschel/PACS point source catalog of R12 using the TOPCAT
software package requiring a match within a 10′′ radius. We note
which of the SABOCA leaves have a Herschel/PACS counter-
part in Table B.1. For the remainder of the paper, we distinguish
the types of objects based on in which wavelengths they are de-
tected. All SABOCA detections are referred to as “leaves” re-
gardless of whether they have Herschel counterparts. We refer to
Herschel sources as “cores” and distinguish the sub-sample that
we detect with SABOCA as “recovered cores.” Any core appear-
ing in the R12 catalog (with counterparts at 70, 100, and 160 µm)
is a “PACS core” and may or may not have a 24 µm counter-
part. A “cold core” is detected only in the 100 and 160 µm bands
of PACS (not 24 or 70 µm), but is also a recovered core with
SABOCA3.
The statistics of the PACS core recovery rate per cloud are
given in Table 3. For these 11 IRDCs, R12 catalogued a popula-
tion of 89 PACS cores and plus another 76 candidate cold cores.
This latter population could not be modeled using Herschel data
alone due to poor spectral coverage at the relevant size scale and
were therefore not cataloged at that time. We recover 52 (58%)
PACS cores in SABOCA emission, 40 (45%) of which are in
the form of leaf structures, otherwise they coincide with branch
level emission. We recover 14 (18%) candidate cold cores, 12
(16%) of which are leaves. The figures in Appendix A show
filled circles for recovered cores (i.e. Herschel point sources with
a SABOCA leaf counterpart) and empty circles for unrecovered
cores.
In three cases, a leaf overlaps two or more Herschel cores.
The affected objects are noted in Table B.1. Since the leaf flux
3 We again emphasize that the use of the term “core” reflects the
compact size of the structures (see Section 3.1), but given our present
resolution limitations and the range of masses, the “cores” could be the
precursors to individual stars, binaries, or bound multiples.
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Fig. 4. (a) Flux correction factor, µcorr (see Section 3.1), as
a function of the leaf surface brightness in Jansky per square
arcsecond. The green dots are the uncorrected measurements,
and the magenta stars are the corrected surface brightness. (b)
Histogram showing µcorr for the leaves with parent flux contri-
bution. The mean value of µcorr is 4.8.
has already been corrected for parent contribution, we assume
that similar to PACS wavelengths, the flux of each core scales
with the (predicted) luminosity from previous fits (see Figure 8
in R12). Therefore, only for the purposes of SED-fitting, we use
the luminosity ratio of the cores that fall in the leaf area to divide
the SABOCA flux between these core contributions. The factors
by which the fluxes are scaled are detailed in Section 4.5. We
then consider the scaled 350 µm flux with the closest-matching
Herschel core in the SED-fitting analysis that follows.
The recovery rate of PACS cores is mainly governed by the
sensitivity of our SABOCA observations. In Table 1, we list
the rms levels of each map, which range from 0.19 to 0.43 Jy
beam−1. Based on the original SED fits in R12, the median pre-
dicted flux at 350 µm is 0.58 Jy (in contrast to 2.4 Jy median
predicted flux for recovered cores), which does not meet the
3-σ detection requirement. Figure 5 shows the distributions of
predicted 350 µm flux based on the best-fit SED to the PACS
data from R12, showing that we clearly recover the brightest
cores. In other cases, IRDC 028.34 and IRDC 316.72 especially,
source confusion plays a role in some bright PACS cores not
4
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togram shows the portion of these cores which were recovered
by our SABOCA observations.
21.8 22.0 22.2 22.4 22.6 22.8 23.0 23.2 23.4
log (<N(H2 )> / cm
−2 )
0
5
10
15
20
25
30
N
u
m
b
e
r
All leaves
Recov. PACS
Recov. cold
Fig. 6. Distribution of mean column density of all leaf struc-
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cold cores are shown in green. The median column density of
2.4 × 1022 cm−2 is shown in the vertical dashed line.
being recovered. Clearly, our recovery rate is dominated by our
SABOCA sensitivity.
The recovery rate for cold cores is subject to the same limita-
tions as above, with the added difficulty that the original catalog
of 73 cold cores was based on the criterion of only two detec-
tions at 100 and 160 µm, rather than the three required for PACS
cores. The 100 and 160 µm bands had the highest uncertainties
and greater large scale variation, thus increasing the propensity
for contamination of the candidate catalog. Therefore their poor
recovery rate is unsurprising.
4. Results
4.1. IRDC small-scale structure
For each leaf extracted from the SABOCA map, we calculate the
mass via the standard formulation,
M350µm =
S 350µm d2 Rgd
κ350µm Bν(Td)
. (1)
where S 350µm is the specific flux, d is the distance, Rgd is the gas-
to-dust ratio assumed to be 100, and Bν is the Planck function at
dust temperature, Td that we first assume here to be uniformly
20 K, and the column density
NH2 = S 350µm Rgd [Ωbeam µ mH κ350µm Bν(Td)]
−1 (2)
where Ωbeam is the size of the beam, µ is the mean molecular
weight (2.36), and mH is the mass of hydrogen. We assume the
dust mass opacity at 350 µm, κ350µm, to be 10.1 cm2 g−1, which
is taken from Ossenkopf & Henning (1994) for dust grains with
thin ice mantles at n = 106 cm−3 (column 5, hereafter OH5),
which is supported for similar environments in the recent liter-
ature (e.g. Shirley et al., 2011; Kainulainen et al., 2013). Both
the mass and mean column density for each leaf are reported
in Table B.1. Given the flux limits discussed in Section 3.2, our
mass sensitivity is roughly 1-2 M depending on the leaf’s envi-
ronment. Our typical column density sensitivity is ∼1022 cm−2.
We show the distribution of mean leaf column densities in
Figure 6, which are left uncorrected for parent flux. The median
value is 2.4 × 1022 cm−2. leaves of greater column density are
more likely to be seen also as a Herschel core. While most of the
cold cores are below the ensemble median column density, 24
of the 40 PACS cores are above the median value. The column
density values and the tendency for the higher column density
structures to have star formation (appearing as a PACS core) are
consistent with what is observed in local clouds (Enoch et al.,
2008).
For more accurate mass estimates, we evaluate Equation 1 at
the best-fit or upper-limit temperature, for recovered cores and
leaves, respectively. The best-fit temperature is given in Table 2,
and the upper-limit temperature for leaves with no Herschel
counterpart is calculated by fitting an SED to the 3-σ detection
limit of PACS fluxes in all bands plus the corrected 350 µm flux
and is used to determine the leaf mass, giving a lower limit. With
only a few exceptions, the high-mass leaves (M350µm > 40 M)
correspond to PACS cores. The mean and median masses for
PACS cores are 239 and 16 M, respectively, while for the re-
maining leaves, we find 28 and 8 M.
We examine the relationship between M350µm and effective
radius, defined as reff =
√
Alea f /pi where Alea f is the area of
a structure, in Figure 7. We plot several lines of reference in
these diagrams: loci of constant number density (dashed grey),
the Larson (1981) relation in the red dash-dotted line, and the
relation proposed by Kauffmann et al. (2010), which shows their
empirical dividing line in concentration between local clouds de-
void of massive stars (below line) and high-mass star-forming
clouds (above line). All but 14 leaves (10%) fall below this cri-
terion. Twelve of these 14 are found in filamentary IRDCs, and
eight have Herschel counterparts. The leaves exceeding this cri-
teria are noted in Table B.1.
In plot (a) we show the child leaves corrected for the par-
ent structure flux. We indicate the leaves for which there are
Herschel counterparts by filling in with blue (for PACS cores) or
5
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Fig. 7. (a) Child leaf mass (corrected for the parent flux contribution) as a function of effective radius (reff =
√
Alea f /pi). The blue
and green filled circles are the leaves recovered as PACS and cold cores, respectively, and open circles have no Herschel counterpart.
The masses are calculated using the best fit temperatures, or the upper limit temperatures for leaves with no Herschel counterpart.
The dashed grey lines are loci of constant number density, and the dashed-dotted red line is Larson’s mass-size relation (Larson,
1981), which is approximately a line of constant column density, NH2 = 10
22 cm−2. (b) Same as (a), but the leaf mass is not corrected
for parent flux contribution. (c) Total mass in each trunk, no flux correction, as a function of effective radius. (d) Total cloud mass
from the ATLASGAL survey maps as a function of effective radius, computed for the area above 1021 cm−2 (empty symbols) and
1022 cm−2 (filled symbols). Filamentary clouds are plotted in red stars and clumpy clouds are plotted in green triangles. Note that
the axis scales in (d) differ from (a) through (c).
green (for cold cores). We find a trend of roughly constant vol-
ume density (M ∝ r2.9eff ) for the ensemble of cores with a median
value of 4.4 × 104 cm−3. The trend is slightly steeper (M ∝ r3.2eff )
when only leaves with Herschel counterparts are fit, though the
median density is roughly the same.
We show the same relationship in plot (b), but in this case
M350µm is derived from the uncorrected flux value. The trend is
shallower in this case: M ∝ r2.3eff for the full ensemble of leaves
and M ∝ r2.6eff for just those leaves with Herschel counterparts.
The median densities in these populations are 1.2×105 cm−3 and
8.0×104 cm−34, respectively, which compare favorably to recent
interferometric measurements of IRDC cores (e.g. Beuther et al.,
2013).
The roughly constant volume density trend for the compact
objects shown in (a) is consistent with the Kainulainen et al.
(2011) extinction study of local clouds but in contrast to that
which is observed in dust emission locally (e.g. Enoch et al.,
2008), which follows a trend of constant surface density, similar
to the Larson (1981) relationship for turbulent clouds using CO
4 We note that due to the chopping away of flux on large scales, the
computed sizes of objects larger than the bolometer array size (FWHM
∼ 100′′) should be treated with caution. This effect would tend to bias
both the flux and size to smaller values.
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observations. This apparent discrepancy might easily be recon-
ciled by examining the various scales identified as iso-surfaces
in lower levels of the dendrogram tree. In plot (c) of Figure 7,
we show the relationship for all “trunks” of the dendrogram,
i.e. the sum of each independent flux structure. For example, in
Figure 3, structures 3, 6, 7, and 8 are trunks, then so are struc-
tures 1+2 and 4+5, including their parent flux. This is analogous
to applying a single column density contour to each cloud (see
Table 1). Here the relation becomes shallower (M ∝ r2.3eff ) with a
median density of 4.3 × 104 cm−3.
Taking this idea a step further, using ATLASGAL data
(Schuller et al., 2009) we plot the same again in Figure 7(d) for
different column density boundary definitions of the cloud, and
the result is consistent with the Larson relation. Here we also
make a distinction between the clumpy and filamentary clouds
in our sample, showing that while the filamentary sources tend
to be more massive, they adhere to the same relationship as the
clumpy clouds. We return to this discussion of morphology in
Section 5.2.
Is the steepening of the mass-size relation on the small scales
a consequence of an observational bias or a real physical effect?
In an idealized case, a constant volume density trend is expected
if IRDC cores are in pressure balance (cf. the Pipe Nebula Lada
et al., 2008). However, there are several observational issues one
must keep in mind. First, we note that the spread in the rela-
tion is nearly 1 dex and, as mentioned above, bolometer map-
ping may bias us toward smaller radii (see also Enoch et al.,
2006; Rosolowsky et al., 2010), which would steepen the rela-
tion. Furthermore, the mass-radius relation has been shown to
suffer from projection effects and thus poor mapping to physical
structure (Ballesteros-Paredes & Mac Low, 2002; Shetty et al.,
2010), which also causes considerable scatter. Finally, the com-
plex dynamics play an important if not dominant role in the en-
ergy balance of IRDCs (e.g. Ragan et al., 2012a), and we lack
this information on the core scale for this sample. Therefore,
since the changing trends can be reproduced simply by consid-
ering different radii within the structure, the reader should be
cautious in drawing conclusions on the core stability from these
data alone.
4.2. SEDs and core properties
In R12, we fit blackbodies to the SEDs of all cores detected in all
three PACS bands, but left out Herschel/SPIRE data for longer
wavelengths because the angular resolution was not sufficient to
isolate the 0.1 pc scale. Because SABOCA boasts similar angu-
lar resolution as PACS at 350 µm, we are now able to overcome
that limitation. Table 2 lists all cores for which a SABOCA leaf
matches a Herschel/PACS core identified in R12. For a complete
comparison, we also list in Table B.1 the M350µm (see Equation 1
and Section 4.1) using the best-fit temperature (in cases of a re-
covered core, noted in the last column) or the upper-limit temper-
ature (in case the leaf has no Herschel counterpart). For the latter
cases, using an upper-limit temperature will result in a lower-
limit mass.
Figure 8 shows the full SEDs for the 40 overlapping objects.
First, we fit a single temperature modified blackbody function
to the SED from 70 to 350 µm SABOCA data, shown with the
solid black line, representing the “cold” component. We follow
the method exactly as we did for fitting the PACS SEDs in R12.
The SED-fitting algorithm assumes the dust is optically thin and
takes into account the frequency-dependence of the dust opac-
ity, κν, for which we adopt OH5. We compare parameters de-
rived from the new fits (Mfull−SEDtotal , T
full−SED
cold , and L
full−SED
cold ) to the
PACS+SABOCA SED to those found in R12, which use just the
PACS data (MPACS, TPACS, and LPACS), in Table 2.
Next, for cores with 24 µm counterparts, we fit the full SED
(from 24 µm to 350 µm, a total of five data points) with two tem-
perature components henceforth referred to as the “warm” and
“cold” components, since a single temperature modified black-
body does not capture the shape of the full spectral range well.
We again assumed OH5 dust for both the warm and cold com-
ponents5 of our SED. We list the best fit parameters to the cold
component in each panel of Figure 8 and in Table 2. In parenthe-
ses, we show the results from a fit using the 350 µm flux value
which is not corrected for parent flux (blue data point at 350 µm).
Those fits, always with lower temperatures and higher masses
and luminosities, are shown in the dashed curves.
The summed (warm + cold) SED fit is shown with the red
line in Figure 8. For those cases, the “full-SED” parameters
given in Table 2 are that of the cold, outer component. In most
cases, the inclusion of a second blackbody component to ac-
count for the 24 µm flux causes T full−SEDcold to be lower than was
fit with the PACS data alone. This supports the picture presented
in R12 where the warm temperatures in 24 µm-bright cores are
attributed to their marginally more advanced evolutionary stage.
The warm dust component contributes slightly to the 70 µm
emission, and with the second fit component invoked here, the
temperature of the cold component decreases. The summed SED
for the fit including the uncorrected value of S 350µm is shown in
the red dashed curve.
Figure 9 shows the SEDs for objects which were only de-
tected in PACS 100 and 160 µm bands and were recovered by
the SABOCA observations. We fit a single temperature modi-
fied blackbody to the three data points on the SED, for which
we list the derived properties from the best fit in Table 2 and in
the individual panels of Figure 9. We also show the 350 µm flux
uncorrected for the contribution from the parent structure (blue
data point) and the corresponding derived properties in paren-
theses. Again, the uncorrected value for S 350µm results in lower
temperatures and higher masses, but given the uncertainties, it
is less clear whether the correction, which is on the order of a
factor of 3.6±1.0, improves the blackbody fits or not.
Figure 10 shows the temperature distribution for all PACS
cores, which had the mean and median of 20 K. Based on the
SED fits, the 70 µm-dark “cold” cores are colder on average
(mean and median 16 K) than the 70 µm-bright cores (mean and
median 19 K and 18 K). The cold core temperatures compare
well with the temperatures found in the starless globules mod-
eled in Launhardt et al. (2013), whereas the PACS cores more
closely match the peak temperatures found for the protostellar
cores. The center and right panels of Figure 10 show that while
the cold cores occupy the same range in mass as the 70 µm-bright
cores, the luminosities of 70 µm-bright cores tend to be higher
(median 52 L) than 70 µm-dark cores (median 17 L).
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Fig. 8. SEDs of cores with 70 µm counterparts. The IRDC name and ID number from Table B.1 are shown in the upper-left of
each panel along with the best-fit properties to the cold component from the full-SED fit (the properties from the fit to the SED
uncorrected for parent flux contribution are given in parentheses). For all objects, the solid black line shows the single-temperature
fit to the data excluding the 24 µm counterpart. In cases in which a 24 µm counterpart was detected, the red line shows the summed
spectrum of a two component fit. The uncorrected 350 µm flux is shown in blue, and the fits to the uncorrected SED are shown in
dashed black (single component) and red (double component) lines.
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Table 2. Core properties, method comparison.
IRDC ID MbPACS M
c
350µm M
full−SED
total T
b
PACS T
full−SED
cold L
b
PACS L
full−SED
cold Notes
no. a (M) (M) (M) (K) (K) (L) (L)
IRDC 310.39-0.30
1d 303 229 (2054) 246 (391) 17 18 (16) 716 660 (793)
IRDC 316.72+0.07
6 9 3 (30) 4 (81) 17 18 (12) 19 14 (32)
7 – 93 (462) 93 (659) – 12 (10) – 31 (78)
8 6 2 (17) 2 (44) 20 22 (14) 34 31 (55)
9 8 8 (36) 9 (64) 18 17 (13) 26 25 (42)
16 1 1 (5) 1 (8) 20 19 (14) 5 9 (12)
18 – 14 12 – 14 – 7
19 – 22 (50) 26 (70) – 12 (11) – 9 (14)
22d 7 25 (177) 18 (72) 16 15 (13) 12 19 (38)
24 – 8 (25) 10 (40) – 15 (13) – 11 (17)
25 – 2 (10) 2 (10) – 19 (14) – 10 (16)
29 12 8 8 16 16 16 14
32 22 7 9 14 15 16 10
35 13 23 24 19 17 54 63
36 16 7 10 16 16 21 17
38 79 90 (228) 86 (201) 25 25 (21) 1650 1672 (1972)
42 – 17 15 – 14 – 11
IRDC 320.27+0.29
3 – 2 (7) 2 (11) – 16 (13) – 3 (5)
4 5 3 (10) 3 (14) 18 18 (15) 14 13 (20)
IRDC 321.73+0.05
2 3 34 28 22 15 32 62
3 1 2 1 23 22 16 21
4 24 43 36 18 17 71 84
5 4 9 8 18 16 12 15
IRDC 009.86-0.04
2 2 3 2 24 22 37 70
IRDC 011.11-0.12
4 5 36 30 23 17 68 119
7 25 10 (35) 13 (55) 20 22 (17) 152 142 (197)
14 2 17 14 21 15 16 27
17 4 6 5 23 21 51 72
18 80 183 (302) 169 (365) 24 21 (17) 1444 1857 (2064)
24 3 1 (5) 1 (10) 22 26 (17) 32 32 (47)
27 – 116 75 – 12 – 21
28 – 6 (23) 7 (34) – 18 (15) – 24 (34)
33 4 3 3 24 24 73 80
IRDC 18223
2 10 17 (44) 17 (62) 21 19 (15) 79 104 (130)
3 9 25 23 20 17 51 62
4 61 143 (240) 122 (324) 20 18 (15) 323 383 (436)
6 12 99 (211) 86 (292) 24 17 (13) 200 349 (407)
7 185 254 (450) 256 (548) 22 21 (18) 1979 4814 (5154) IRAS 18223-1243
8 51 2 (15) 4 (31) 18 24 (18) 156 81 (132)
9 – 3 4 – 20 – 22
10 7 14 14 20 17 33 41
IRDC 019.30+0.07
1 12 13 13 18 17 33 34
2 0.8 4 3 25 19 19 33
3 37 36 38 20 20 219 229
IRDC 028.34+0.06
2 93 782 (1062) 671 (1132) 28 18 (16) 3577 8058 (8470) MSX G028.3373+00.1189
4 – 22 (67) 20 (80) – 17 (15) – 50 (71)
7 14 37 34 20 17 85 106
8 49 1369 971 18 12 151 357
9d 534 4490 (9249) 3496 (6720) 20 15 (14) 2950 4703 (5488) MSX G028.3937+00.0757
11 265 110 (286) 140 (332) 14 15 (13) 177 134 (201)
15 9 5 (18) 6 (25) 20 21 (16) 52 48 (66)
18 – 19 (71) 17 (87) – 17 (14) – 41 (64)
(a) from Table B.1
(b) from Ragan et al. (2012b)
(c) Derived with the best fit dust temperature (column 6 of this table).
(d) Leaf overlaps with multiple Herschel cores. SABOCA flux is scaled according to luminosity ratio of cores (see Section 3.2).
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Fig. 9. SEDs of cores with no 70 µm counterparts. The IRDC name and ID number from Table B.1 are shown in each panel. The
best-fit single temperature modified blackbody fit to the SED with the with S 350µm corrected for the parent flux is plotted in the solid
line (the parameters are listed in each panel), and the fit to the SED including the uncorrected S 350µm is shown with the dashed gray
line.
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Fig. 10. The gray histogram shows the (a) temperature, (b) luminosity, and (c) mass distribution of all PACS cores found in this
sample by R12. The blue histogram shows the subset of these cores which matched SABOCA leaves. The green histogram shows
distributions of cold cores (see Figure 9).
4.3. Core mass estimates
Calculating accurate core masses is fundamental in constrain-
ing the initial conditions for star formation in IRDCs. With the
present dataset, we calculate mass in two ways; one is using just
the 350 µm flux (M350µm: Equation 1) and the other is using SED
fits described in Section 4.2 (Mfull−SED). A weakness inherent in
the former method is that one must assume a dust temperature
5 We note that OH5 dust may not be the optimal choice for the rela-
tively warm inner component of the SED, where the protostar has pre-
sumably heated the region. If we instead adopt a dust opacity model
with no ice mantles (e.g. Ossenkopf & Henning, 1994, column 2), or
OH2, for the warm inner component, the mean deviation from our re-
ported mass in Table 2 is about 7%. Therefore, for simplicity, we adopt
uniform dust properties (OH5) throughout the analysis.
(in Table B.1 we assume a uniform temperature of 20 K), where
in the latter method the temperature is fit simultaneously with
the other parameters. We compare the previous estimate of core
mass, MPACS, from R12 to these two methods using SABOCA
data in Figure 11. Below 100 M, the use of the full-SED or
M350µm results in a higher mass twice as often as it results in a
smaller mass. The mass increases are more extreme for the most
massive cores, though this is a result of the large angular extent
of these objects in SABOCA.
We can compare the three methods for the 40 cores that ap-
peared in R12 that were recovered by SABOCA. In 25 of the 40
cases (63%), the inclusion of the SABOCA data point altered the
mass estimate by less than a factor of 2, and in 33 cases (83%),
the mass adjustment was under a factor of 5. From Figure 11
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Table 3. Core population
IRDC NPACS N70dark NS ABOCA N
overlap
PACS N
overlap
70dark
name (1) (2) (3) (4) (5)
IRDC 310.39-0.30 2 0 2 1 (2) 0 (0)
IRDC 316.72+0.07 14 9 42 10 (12) 6 (6)
IRDC 320.27+0.29 3 6 4 1 (1) 1 (1)
IRDC 321.73+0.05 10 1 5 4 (4) 0 (0)
IRDC 004.36-0.06 1 3 4 0 (0) 0 (0)
IRDC 009.86-0.04 3 1 2 1 (1) 0 (0)
IRDC 011.11-0.12 20 28 35 7 (11) 2 (4)
IRDC 015.05+0.09 3 0 8 0 (1) 0 (0)
IRDC 18223 13 11 10 7 (9) 1 (1)
IRDC 019.30+0.07 6 4 3 3 (3) 0 (0)
IRDC 028.34+0.06 14 10 20 6 (8) 2 (2)
Total: 89 73 135 40 (52) 12 (14)
(1) Detected at 70, 100, and 160 µm, as reported in Ragan et al. (2012b)
overlapping with mapped area.
(2) Detected at 100 and 160 µm, but not 70 µm.
(3) Number of “leaves” detected in SABOCA 350 µm map with dendrograms.
(4) Number of overlapping cores between column (1) and (3). The number in parentheses is the number of PACS cores coincident with any
SABOCA emission (not just leaves).
(5) Number of overlapping cores between column (2) and (3). The number in parentheses is the number of “70dark” cores coincident with any
SABOCA emission (not just leaves).
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Fig. 11. Comparison between the originally derived mass
(MPACS) to the newly derived mass including the SABOCA
350 µm data point (Mfull−SED, black diamonds) or M350µm derived
from Equation 1 in red open circles. Ranges of mass differences
between the two methods are shown. Of the 40 PACS cores, 63%
change by less than a factor of 2, and 83% change by less than a
factor of 5. All but one core mass changes by less than a factor
of 10.
we see that in most (68%) of the cases the previous PACS-only
mass estimate was lower than the full-SED mass. We also plot
M350µm evaluated at the full-SED fit temperature result values
typically within 20% of Mfull−SED. In the following, we adopt
the Mfull−SED and the corresponding cold component tempera-
ture (see Section 4.2).
A similar comparison can not be made for cold cores, as
it was impossible to model their SEDs with PACS data only.
However, there is good agreement between their Mfull−SED and
M350µm, within 50% for all twelve cores. The maximum mass of
a cold core is 93 M. Since these cores have lower temperature
than the PACS cores, any inaccuracy in the temperature results
in larger errors in the mass than for warmer cores.
Since M350µm agrees fairly well with Mfull−SED, we can confi-
dently estimate masses for the 83 SABOCA leaves that have no
Herschel counterpart using Equation 1. We stress that this en-
tirely new population of cores are of particular interest because
with no Herschel counterpart, they could be cold, dense, starless
structures, representing the pristine earliest phase of the high-
mass star formation process.
4.4. Evolutionary diagnostics
The bolometric temperature (Tbol) and luminosity (Lbol) are im-
portant evolutionary indicators of a protostar, and the bolomet-
ric luminosity-temperature (BLT) diagram (e.g. Myers & Ladd,
1993) can be used to compare protostars. Since Herschel sam-
ples the peak of the SEDs, we can reliably estimate both quanti-
ties (Dunham et al., 2013) and place them into context.
We calculate the bolometric temperature following Myers &
Ladd (1993):
Tbol = 1.25 × 10−11
∫
νS νdν∫
S νdν
K. (3)
Tbol is integrated over the full SED and will reflect the contri-
bution shortward of 70 µm, thus the values are higher than the
T full−SEDcold reported in Table 2. Similarly, Lbol is integrated over
all frequencies and will be higher than Lfull−SEDcold , which includes
the blackbody fit from 70 µm 6. We plot the results in Figure 12,
6 IRDC316.72-L38 is 24 µm bright, but saturated in the MIPS band.
For these calculations, we use the flux-luminosity relation presented in
R12 (their Fig. 8) to estimate S 24µm = 3.4 Jy.
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Fig. 12. Bolometric luminosity (Lbol) plotted as a function of
bolometric temperature (Tbol). The cores detected in all PACS
bands are plotted in blue (squares for 24 µm-bright, × for 24 µm-
dark), and the 70 µm-dark “cold cores” are plotted in filled green
circles. The green triangles represent upper limits for objects
which were detected only at 350 µm with SABOCA. For com-
parison, the PACS bright red objects (PBRs) in Orion (Stutz
et al., 2013) are shown in red crosses. The dividing line be-
tween Class I and Class 0 defined for low-mass protostars at
70 K (Andre´ et al., 1993) is shown for reference.
and we include upper limits for the SABOCA leaves with no
Herschel counterpart. The entire population has Tbol below the
70 K boundary for Class 0 objects in low-mass regions (Andre´
et al., 1993). We plot 24 µm-dark PACS cores, which have Tbol <
35 K, but Lbol in the same range as 24 µm-bright cores. This is
consistent with our previous finding that both populations are
in fact protostars, only 24 µm-dark cores are either slightly less
evolved (redder) or the warm dust nearest to the protostar is ob-
scured due to geometry (e.g. a disk or region of excess extinc-
tion, see R12).
Cores dark at 70 µm (filled green circles) all have Tbol <
30 K, in the range of prestellar cores defined for the low-mass
regime (e.g. Young & Evans, 2005). We plot the upper limits of
both Lbol and Tbol for SABOCA leaves with no Herschel coun-
terpart at all (green triangles). There is a strong upper limit on
Tbol of 25 K, though the Lbol of SABOCA leaves can span the
same range as cold cores.
We plot the values for the Stutz et al. (2013) sample of PACS
Bright Red Objects (PBRs) in Orion and find they are consis-
tent with the protostellar cores but at lower luminosities. The
IRDC sources presented here are significantly more luminous,
as one must bear in mind that they are also much more distant
than Orion. Consequently, the probability that what we see as a
“core” is in fact multiple embedded sources is higher. Therefore,
we emphasize that the Tbol divisions between classes of proto-
stars that has often been used for low-mass regions (as is shown
for reference in Figure 12) can not be straightforwardly applied
here. The modeling of evolutionary tracks of high-mass sources
on such a diagram, which requires a broadened consideration
of accretion models, enhanced feedback, and the clustered envi-
ronment of high-mass sources, is a growing area of research (cf.
Hosokawa et al., 2010, 2011, M.D. Smith 2013, submitted).
Figure 13 shows the mass-luminosity relation for the two
core populations, plotted with the full distribution of PACS cores
from R12. The mass used here is from the “full-SED” method
of calculation for recovered cores and M350µm evaluated at their
upper-limit temperature for the SABOCA leaves. We also plot
the upper limits in Lbol for the SABOCA leaves, which lie al-
ready distinctly below the recovered core population. Cold cores
have similar Lbol to PACS cores in their common mass range.
For comparison, we plot the luminosities and masses derived
in R12 for all cores in the eleven IRDCs of the present sam-
ple, and the sample of the youngest Orion protostars (PBRs)
from Stutz et al. (2013). We show the empirical loci derived
by Molinari et al. (2008) and Saraceno et al. (1996). To mir-
ror the familiar “Class 0/I/II” distinction in low-mass star for-
mation, Molinari et al. (2008) put forth a high-mass analogy of
“MM/IR-P/IR-S” sources based on their infrared and millime-
ter properties. The dashed magenta lines are the fits to Class I
objects from Saraceno et al. (1996) and Molinari’s high-mass
equivalent “IR-P” source locus is plotted in the solid magenta
line. Sources above the loci are more evolved “Class II” (“IR-
S”) sources. Below the locus, earlier “Class 0” (“MM”) stages
are found. Based on these divisions, our PACS cores agree with
the Class 0 (“MM”) regime, and Class I (“IR-P”) in a few cases,
similar to the Orion PBRs but with higher masses and luminosi-
ties. We note that the relations for high-mass objects were for-
mulated based on IRAS, MSX, and sub-mm data of inhomoge-
neous resolution, but always with larger beams, thus the bolo-
metric quantities are integrated over larger areas on average.
The 70 µm-dark cold cores (filled green circles) and the up-
per limits for SABOCA leaves (green triangles) occupy the re-
gion below Tbol = 30 K. Due to their similarity in Tbol, masses,
and densities discussed above, it is plausible that the Herschel
cold cores are simply more luminous versions of the unrecov-
ered SABOCA leaves at a similar evolutionary stage. We note
that the bolometric luminosity not only scales with the mass but
also can be enhanced by external irradiation (e.g. Beuther et al.,
2012; Pavlyuchenkov et al., 2012, R12).
Figure 14 shows the same Lbol-Mass diagram but with var-
ious evolutionary tracks overplotted. The Molinari et al. (2008)
tracks for the indicated initial envelope masses are shown in
green, and the Saraceno et al. (1996) tracks for initial masses
of 0.5, 1, 2, and 4 M. These two models assume accelerating
accretion scenarios. For comparison, the Andre´ et al. (2008) de-
celerating accretion evolutionary tracks are shown for final stel-
lar masses 1,3,8,15, and 50M. Our data all fall in the earliest
phases of the evolution (from bottom right to upper left along
the tracks), but indicate that the cores clearly represent the early
stages of a large mass range of stars and clusters, depending on
which accretion scenario is favored.
4.5. Individual sources
Our sample boasts great variety in structure. Below, we note the
general properties of each region and highlight the most massive
objects and other regions of interest.
IRDC310.39-0.30: Two leaves are detected in this IRDC, the
most massive one is coincident with a Herschel core, which has
a mass of 320 M at T = 17 K. Leaf 1 reported in Table B.1
overlaps with two PACS cores (cores 1 and 2 from R12). For
the purposes of SED fitting and bolometric quantity calculations,
we use the luminosity ratio of those cores from R12 and scale
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Fig. 13. Lbol-Mass diagram for all cores in the EPoS sam-
ple (R12, gray dots), those protostellar cores (70 µm-bright) re-
covered by SABOCA (blue squares), candidate starless cores
(70 µm-dark cold cores, green circles). The M350µm (at the upper
limit temperature) and upper limit to Lbol are plotted in the empty
green triangles, also candidate starless objects. The UCHII re-
gion in IRDC 011.11 (Leaf 16) is indicated in the empty blue
square. We plot the Orion PBR sample (Stutz et al., 2013) for
comparison in red crosses. The magenta lines are the empiri-
cal boundaries between “Class 0”-like (below line) and “Class
II”-like (above line) found for high-mass (solid magenta line
Molinari et al., 2008) and low-mass (thin dashed magenta line
Saraceno et al., 1996). The black dashed line is the empirical fit
to the Molinari et al. (2008) “MM” sources, analogous to Class
0 in the low-mass regime. See text for details.
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Fig. 14. Same as Figure 13 (our data are shown in the corre-
sponding black symbols for clarity), but with various evolution-
ary models overplotted. In red solid lines are the Andre´ et al.
(2008) tracks for final stellar masses of 1,3,8,15, and 50M (left
to right). The Saraceno et al. (1996) tracks for initial masses
of 0.5, 1, 2, and 4 M are shown in blue dashed lines, and
the Molinari et al. (2008) tracks for initial envelope masses 80,
140, 350, 700, and 2000 M are shown in green dashed-dotted
lines. The diagonal lines are the same loci fitting the Class I-like
sources (grey dashed and solid) and “MM”, Class 0-like soures
(dashed black) as in Figure 13.
the 350 µm flux by 0.74 which is the fraction contributed by the
main source.
IRDC316.72+0.07: This complex filament hosts the greatest
number of leaves and also the most overlapping with Herschel
sources. A small, bright, embedded cluster is known to be form-
ing at the southeast end of the filament (main component leaf
38), and the infrared-dark filament to the northwest hosts sev-
eral new cores. The leaves in the filament are of modest mass,
though because of the several hierarchical levels to the filament,
the corrections for parent flux are also the largest (see Table 2).
A bright high-mass protostellar object (HMPO) resides at the
southeast tip of the filament. Due the the prevalent diffuse in-
frared emission in the area, the three Herschel cores there may
underrepresent the true population. SABOCA detects 15 leaves
in the region, three of which can be associated with the known
PACS cores and two are cold cores. We note all leaves in this
region in Table B.1 and note that the non-detection of a cor-
responding Herschel core may be a consequence of confusion.
Leaf 22 overlaps with the position of two PACS cores (cores 15
and 16 from R12), thus for SED-fitting, the 350 µm flux is scaled
by 0.42 which is the fraction of the total luminosity attributable
to the closest matching core to the leaf position.
This IRDC hosts six 70 µm-dark Herschel cores, most of
which have temperatures below 15 K. For leaves 19, 24, and 25,
the 100 µm data point fits better with the uncorrected value of
the 350 µm flux, indicating that these cores may be closer to their
upper-limit masses and lower-limit temperatures.
IRDC320.27+0.29: Four leaves are detected in this IRDC, two
of which correspond to Herschel cores in the main cloud. While
the Herschel/SPIRE images show a strong stream-like compo-
nent to the west, it is very weak in the SABOCA images, indicat-
ing that it is a relatively flat or diffuse structure, whose structure
was chopped away in the SABOCA observations.
IRDC321.73+0.05: This IRDC hosts five leaves, 4 of which
overlap with Herschel cores. The mass in this cloud is organized
in three clumps, all centered on at least one Herschel core. Each
of these main cores are recovered with SABOCA (the two north-
ern clumps host leaves with masses of 28 and 36 M), though
the nearby, low-luminosity sources are not.
IRDC004.36-0.06: We recover none of the Herschel cores in
this IRDC. All but the western-most leaf (id # 4) appear as ab-
sorption features at 100 µm, but only range between 1 and 6 M.
IRDC009.86-0.04: The central Herschel source is recovered
(id # 2), and a new neighboring source to the north, though it ap-
pears faint in PACS bands, has similar properties. Interestingly,
the prominent absorption feature to the northeast, which strongly
emits in NH3 (1,1) and (2,2) (known tracers of cold, dense gas
Ragan et al., 2011) is not recovered in SABOCA emission.
IRDC011.11-0.12: A total of 35 leaves are found in this fil-
amentary IRDC, 10 of which have Herschel counterparts. The
central, dominant star forming region (P1 in Johnstone et al.,
2003) corresponds to leaf 18 with a mass of 169 M. Leaf 27 is
a cold core with 74 M and T = 12 K. Leaf 16 has no Herschel
counterparts, but has a high column density of 5.32 × 1022 cm−2
and 131 M if one takes the upper limit T = 14 K.
Leaf 16 is a confirmed HII region (Urquhart et al., 2009), and
its associated vlsr of 31.3 km s−1 is consistent with that measured
in the IRDC. In R12, this diffuse source did not meet our PSF-
fitting criteria, thus its SED was not fit. However, using literature
values and bolometric flux measurement (Mottram et al., 2011),
the bolometric luminosity is 2 × 103L assuming the 3.4 kpc
distance. The SABOCA emission totals 12.6 Jy, which equates
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to 51 M assuming 20 K. Together, this places the source among
the most evolved sources in the sample (see Figure 13).
IRDC015.05+0.09: There are 8 leaves in this IRDC, though
none correspond to Herschel cores. A 46 L core sits in the cen-
ter of the region, but does not overlap with the SABOCA emis-
sion.
IRDC18223: This well-studied IRDC filament stems from
IRAS 18223-1243 to the north, extends south, and is actually
part of a much larger-scale bubble edge (Tackenberg et al.,
2013a). Ten leaves are found in this IRDC, all but the faintest
two correspond to Herschel cores.
IRDC019.30+0.07: All three leaves are the main Herschel
cores in the two main clumps in this IRDC. The main absorption
feature visible in the 100 µm image is not recovered in SABOCA
emission.
IRDC028.34+0.06: There are 20 leaves in this IRDC, eight of
which correspond to Herschel cores. The two brightest leaves
(2 and 9) correspond to MSX sources, which also have large
mass corrections from the PACS mass derived in R12. This is
most likely due to source confusion: in the PACS images, what
appeared as an extended emission region in MSX was resolved
into point sources. As is evident in Figure A.11, the northern
bright source (leaf 9) appears extended such that one leaf en-
compasses three PACS cores (cores 18, 19, and 20 from R12).
For SED-fitting, the 350 µm flux was scaled by 0.78, which is
the fraction of the luminosity contributed by the closest match-
ing core to the leaf position. Leaf 6 is infrared-dark with a mass
of 473 M adopting the upper-limit temperature of 14 K.
5. Discussion
The objective of this study was to isolate the flux originating
from the core such that we could better constrain the spectral en-
ergy distributions of pre- and protostellar cores that we originally
characterized with Herschel. These cores are closely associated
with large reservoirs of (relatively colder) dense gas and dust.
While Herschel allowed us to identify internally-heated cores,
the high uncertainty in the mass measurement made it difficult
to determine the total amount of mass in cores compared to the
natal cloud. These observations enable us to quantify this rela-
tionship in IRDCs.
We also characterize the earliest (possibly prestellar) stages
of cores in IRDCs by combining the Herschel/PACS and
SABOCA data. When a leaf corresponds to a PACS core (i.e.
has a counterpart at 70, 100, and 160 µm), we will refer to it as
“star-forming” as it requires an internal heating source to pro-
duce the observed SED (cf. R12, Stutz et al., 2013). A leaf lack-
ing a 70 µm counterpart, either a “cold core” or normal “leaf”,
appear not to be star-forming. We discuss the caveats and con-
siderations regarding this divide below.
5.1. The nature of structure seen by SABOCA
The hierarchical nature of molecular clouds is one of their defin-
ing characteristics, and our observations show that IRDCs are
no exception. Even above our relatively high column density
threshold (∼1022 cm−2), we find that most (61%) leaf structures
branch from a larger parent structure (see Figure 3). As is clear
from Figures A.1 through A.11, there exists relatively diffuse
extended structure that has been chopped away. The full hierar-
chical structure of these clouds will be explored in a forthcoming
publications (Ragan et al. in preparation). Our dendrogram de-
construction enables us to quantify the contribution of the parent,
large-scale structure to which a given leaf belongs (e.g. a clump
or cloud). The fraction of mass in the core relative to the parent
structure can vary from roughly equal levels to a core comprising
less than 10% of the flux. This result challenges the assumptions
underpinning the linear scaling of fluxes, which have been im-
plemented to extract the SED from unresolved sources at these
wavelengths (e.g. Nguyen Luong et al., 2011; Men’shchikov
et al., 2012).
In the following, we examine the physical properties of the
population as a whole, then dividing the leaves between “pro-
tostellar” (coincident with a PACS core) and “starless” (every-
thing else). In Section 4.1 we compute the average column den-
sity of each leaf (integrated flux divided by the area). Taking the
leaf population as a whole, the mean column density is 2.9 ×
1022 cm−2. The starless leaves have lower column densities, av-
eraging 2.5 × 1022 cm−2 compared to those leaves with PACS
core, the mean NH2 is 3.7× 1022 cm−2.
In comparing different methods for mass estimation, we find
that the masses derived from SED-fits to the PACS data only
(70 to 160 µm) in R12 are within a factor of two of the redone
SED-fit including the 350 µm data point 63% of the time, and is
within a factor of five 83% of the time. Encouragingly, the mass
computed from the 350 µm flux alone (M350µm, Equation 1) is
always less than 20% different than the full-SED method. The
advantage of using the full-SED method is that one simultane-
ously fits for the temperature, which for these low temperature
cores makes a big difference in the final mass estimates.
Figure 7 shows the relation between leaf mass and effective
radius on different scales. The median child leaf volume density
is 4.4 × 104 cm−3 when the background parent structure emis-
sion is subtracted (plot a), 1.2 × 105 cm−3 if such a correction
is not made (plot b). The background-corrected leaves follow
a constant volume density locus in this diagram, while the un-
corrected leaves, trunks, and whole cloud structures follow pro-
gressively shallower trends, reaching Larson’s relation at the last
step. Because we do not have kinematic data on the appropriate
angular scales for these data, we reserve our discussion of cloud
and core stability for a later paper. However, we note that the
mass we derive is that above a high column density threshold
(∼ 1022 cm−2), so the factor that changes from plot to plot is
the area by which the mass is divided (i.e. very little additional
mass is included above that threshold as the area increases). This
serves as a demonstration of some of the problems that have
been found with the mass-size relation in mapping simulations to
the observational plane (Ballesteros-Paredes & Mac Low, 2002;
Shetty et al., 2010).
We compare our sample of leaves to the concentration rela-
tion proposed by Kauffmann et al. (2010). Using the corrected
mass values, we find fourteen leaves that their definition have the
potential to form high-mass stars. Interestingly, not all of these
leaves harbor signs of star formation. Seven of the 14 leaves in-
deed exhibit (at least one) associated PACS core, while the re-
maining 7 are either a cold core or a leaf with no Herschel coun-
terpart at all. These latter objects would be of special interest in
pursuit of objects in the earliest “quiescent” phases of high-mass
star formations, and follow-up kinematic studies are underway to
explore their conditions. For now our observations only disclose
good candidates for this elusive phase, and we will discuss what
can be inferred about their lifetimes in Section 5.4.
5.2. Filamentary versus Clumpy IRDCs
Herschel has ushered the return of filaments back into focus as
an instrumental feature of star formation regions. Due to a con-
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Fig. 15. The total number of leaves extracted in a cloud as
a function of the total cloud mass (see Table 1). Filamentary
IRDCs are plotted in red stars, and clumpy IRDCs are plotted
in green triangles.
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Fig. 16. Total mass in dendrogram leaves (corrected for parent
structure flux assuming 20 K) as a function of the total mass of
the cloud above a column density threshold NH2 ∼ 1021 cm−2
(see Table 1). Filamentary clouds are marked with filled red
stars, and clumpy clouds are plotted in filled green triangles. The
totals uncorrected for parent flux contributions are shown in the
corresponding empty symbols. The solid line shows the aver-
age fraction (14%) for mass values corrected for parent flux, and
the dashed line shows the average for uncorrected mass values
(24%).
fluence of effects – from formation via the convergence of tur-
bulent flows (e.g. Heitsch & Hartmann, 2008) and enhancement
through ionizing feedback (e.g. Dale & Bonnell, 2011) – star
formation is confined to the dense ridges and intersections of fil-
aments (cf. Schneider et al., 2012; Hennemann et al., 2012). Our
sample features a mix of filamentary IRDCs and clumpy IRDCs,
so we can qualitatively examine any differences between mor-
phologies.
The four prominent filaments in our sample are not only
the most massive but are also the most complex in terms of
their substructure, which is shown in Figure 15. Here we plot
the number of leaves detected in a cloud versus its mass, com-
puted from ATLASGAL data, above the column density thresh-
old of 1021 cm−2. These four IRDCs contain 107 of the 135 total
leaves (79%) in the sample. We note that the two nearest fil-
aments (IRDC 316.72 and IRDC 011.11) have about twice as
many leaves as the two farthest, although the difference in dis-
tance is only ∼1 kpc. We see no such difference in the clumpy
IRDCs. Thus we do not appear biased to detect more substruc-
ture in the nearest clouds.
Based on this small sample, we can speculate on the impor-
tance of filaments in core formation in IRDCs. In Figure 16,
we show the amount of mass in leaves as a function of the to-
tal cloud mass. Here we assume a uniform temperature for all
leaves (20 K) to be consistent with the assumptions going into
the total cloud mass calculation. Overall, an average of 14% of
the cloud mass is found in leaves. Looking at the cloud types
separately, we find hardly any difference: filaments have 15% in
leaves, clumps have 13%. The trend is similar if one takes the
leaf masses uncorrected for parent flux contributions instead:
24% of the total mass in leaves, 28% in filaments and 21% in
clumpy clouds. We conclude that leaves form as efficiently in fil-
aments as in clumpy IRDCs. It may be the case that filamentary
structure is the best way to accumulate large masses, and sub-
sequently more cores (leaves), coherently before massive stars
form and destroy the cloud.
5.3. Starless and protostellar cores in IRDCs
Our SED-fitting allows us to compute useful quantities to place
our sources in an evolutionary context. Figures 12 and 13 show
how the cores and leaves compare to other known populations of
objects in their masses, bolometric temperatures and luminosi-
ties. Our sample falls entirely within the “Class 0”-like regime.
Compared to the youngest protostars in Orion (Stutz et al.,
2013), the nearest region of high-mass star formation, the PACS
cores appear to be at a similar evolutionary stage.
Cold cores and SABOCA leaves lacking a Herschel counter-
part are alike in their Tbol and mass range, but differ in Lbol. We
hypothesize that SABOCA leaves are simply the low-luminosity
population of objects in roughly the same or slightly earlier evo-
lutionary stage as cold cores. The infrared properties, Lbol and
Tbol, of both populations indicate that they are candidate starless
cores which require further observations to confirm their status.
While (due to sensitivity limits) we do not recover all cores
reported in R12 with our SABOCA maps, nor do all struc-
tures found in the SABOCA images correspond to Herschel
cores, we can consider these populations together as an en-
semble of substructures of IRDCs at different evolutionary
stages. For example, various evolutionary tracks have been pro-
posed (e.g. Saraceno et al., 1996; Molinari et al., 2008; Andre´
et al., 2008) which directly connect an initial phase among the
SABOCA leaves to the PACS cores a few 105 yr later (see
Figure 14). Furthermore, based on the BLT evolutionary dia-
gram (see Figure 12), SABOCA leaves and cold cores have
Tbol < 30 K, which is the regime for “prestellar” cores (e.g.
Young & Evans, 2005), which supports our assessment that these
objects could represent the initial phase.
5.4. Core lifetimes
One elusive quantity needed to constrain theoretical models is
the lifetime of the earliest “starless” phase (τS L) for high-mass
star forming cores/clumps (Motte et al., 2007; Chambers et al.,
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2009; Miettinen, 2012; Tackenberg et al., 2012). For such a cal-
culation, we first assume that objects that are mid-infrared (MIR)
dark (λ < 100 µm) are starless, and cores bright at 70 µm (our
PACS cores) are actively forming protostars, which has been
shown as a good diagnostic for embedded protostars (Dunham
et al., 2008; Stutz et al., 2013, R12). This differs slightly from
commonly adopted criteria of the previous studies that lacked
supporting Herschel data. For instance, by our definition, an ob-
ject is only considered “starless” if it lacks counterparts at 70 µm
and shortward, whereas the previous studies use 8 or 24 µm as
the cutoff. Consequently, a 70 µm bright object with no short-
ward counterpart, which constitutes 34% of the protostars in
R12, would be counted as starless in the previous studies.
On the other hand, some previous studies probe for star for-
mation activity in different ways which do not depend on the
critical 70 µm data. While Spitzer may have missed the deeply
embedded protostars that Herschel now captures, indirect sign-
posts, such as molecular outflows traced by SiO (e.g. Motte
et al., 2007) and excess 4.5 µm emission (e.g. Cyganowski et al.,
2008; Chambers et al., 2009), help to provide a more complete
census of star formation. Currently, such data for our sample are
not available, though this would be a useful follow-up for the
starless candidates.
While our measure of embedded star formation is imperfect,
and the sensitivity of our SABOCA leaves is limited, we can
compute the relative populations of protostellar to starless ob-
jects and thus an upper limit to the lifetime of the starless phase
for the most massive objects. Because we lack spectral infor-
mation at shorter wavelengths (in part due to high extinction
and poor sensitivity in distant clouds such as IRDCs) which in
nearby clouds provide empirical divisions between Class 0/I/II
protostellar stages in nearby clouds, we do not further refine the
protostellar classification scheme here. However, based on our
evolutionary diagnostics, we assume that the PACS cores are
in the high-mass protostellar object (HMPO) stage (Sridharan
et al., 2002; Beuther et al., 2002; Motte et al., 2007), previous to
the formation of an HII region.
In the simplest case, if we assume that all the candidate star-
less objects will ultimately form protostars, and the rate of this
progession is independent of the core mass, then the ratio of the
number of starless to protostellar cores is the same as the ratio of
the lifetimes (see Enoch et al., 2008). If we assume that our pro-
tostars are predominantly in the “Class 0”-like phase as our evo-
lutionary diagnostics indicate (see Figures 12, 13, and 14), we
can adopt the 0.10 Myr lifetime of Class 0 source found in local
clouds (Evans et al., 2009) and derive a lifetime of starless phase
of 0.17 Myr, consistent with other estimates of “IR-dark” life-
times with equivalent assumptions (e.g. Chambers et al., 2009;
Wilcock et al., 2012; Miettinen, 2012). Considering only the
massive objects (M350µm > 40M), the starless lifetime is only
0.07 Myr.
These assumptions carry several caveats when applied to
regions of higher mass. For example, it has been shown that
cores/clumps of higher masses have shorter lifetimes (e.g. Motte
et al., 2007; Hatchell & Fuller, 2008). The HMPO lifetime in
Cygnus X is 3.2 × 104 yr (Motte et al., 2007). Adopting this
timescale for the massive cores, then the upper limit to the star-
less lifetime is 2.1 × 104 yr. This is consistent with the findings
of Tackenberg et al. (2012) study which focused on the high-
mass population of IRDC clumps, though not as short as that
derived for the 1.7 kpc distant Cygnus X, which is found to be
below 103 yr.
Whether all of our candidate “starless” leaves are (a) actu-
ally starless and (b) will ultimately collapse and form stars is an-
other over-simplification of the situation. If either of these asser-
tions is wrong, the starless lifetime could decrease significantly.
Furthermore, the lifetimes are shorter than the estimated free-
fall times (τ f f ∼ 0.1 - 0.2 Myr) for these objects, which argues
against a quasi-static paradigm of core evolution. A detailed in-
vestigation of the cloud dynamics on small scales is needed to
understand these early phases.
6. Summary and Conclusions
We present APEX/SABOCA 350 µm maps of eleven IRDCs.
These 7.8′′ resolution maps probe the Rayleigh-Jeans tail of
the spectral energy distribution of the cold dust comprising
IRDCs on similar scales as our previous PACS observations of
these clouds. We deconstruct the SABOCA emission using the
dendrogram algorithm, which enables us to differentiate flux on
large and small scales. We isolate the smallest structures, known
as “leaves”, atop the dendrogram tree and connect them to the
structure seen in the Herschel observations. These structures cor-
respond to the upper boundary to the “core” size scale (Bergin
& Tafalla, 2007), but due to the large distances, we can not say
these are structures on their way to forming a single star, but
rather more likely multiple stars or clusters.
We recover the cores that are found both in emission and ab-
sorption in the original Herschel study. We construct SEDs of the
recovered cores including the PACS data at 70, 100, and 160 µm
plus the new data at 350 µm. Cores with components from 70-
350 µm are termed “PACS cores” and those with counterparts at
100-350 µm (and not 70 µm) are termed “cold cores.” We find
that the core SEDs are well-fit by modified blackbody functions
under the optically thin assumption. With the SED properties, in-
cluding bolometric luminosities and temperatures, we place the
cores in a broader evolutionary context. We summarize our main
conclusions below.
1. The overall dense structure of the clouds known from
Herschel and previous measurements is nicely recovered by
SABOCA at 350 µm. Our dendrogram analysis reveals hi-
erarchical structure, beginning with “branches” and “trunks”
on large scales and leaves on the smallest scales. The struc-
ture of our four filamentary clouds is considerably more
complex than in the clumpy IRDCs, which exhibit a more
monolithic nature.
2. In the eleven clouds, at total 135 dendrogram “leaf” struc-
tures are found. Forty leaves are directly associated with a
Herschel core from the R12 catalog, and twelve leaves over-
lap with 70 µm-dark Herschel cores and have been modelled
here for the first time. The remaining 83 leaves show no indi-
cation of a Herschel counterpart. The latter two populations
are considered as candidate starless core populations.
3. Using dendrogram provides information about the larger
structures in which cores reside. We correct the fluxes used
in our measurements for this large-scale “parent” flux, which
ranges from a factor of 0.5 to 15, even within a given cloud.
The median value of the correction is 4.8, and the factor is in-
dependent of the leaf’s surface brightness. Taking these cor-
rections into account, the core masses computed from the
SABOCA flux alone (M350µm) are always within 20% of the
mass found from SED-fitting (Mfull−SED).
4. While filamentary IRDCs are the most massive of our small
sample and exhibit the most substructure, the fraction of
the total cloud mass above NH2 ∼ 1021 cm−2 residing in
“leaf” structures is roughly the same as that found in clumpy
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IRDCs. The average fraction of the total cloud mass found
in leaves is 14%.
5. To study the prospect of high-mass star formation in these
cores, we examine their concentration in the mass-radius re-
lation. Fourteen leaves (10% of the sample) meet the criteria
concentration criteria set by Kauffmann et al. (2010), eight
of which correspond to Herschel (PACS and cold) cores. Ten
of these 12 leaves occur in the filamentary IRDCs in the sam-
ple. These are promising candidates from our sample for the
pristine initial phases of high-mass stars. The remaining 121
leaves are at various early phases of intermediate or low-
mass star formation.
6. On the smallest size scales, cores exhibit a rough trend of
constant volume density (M350µm ∝ r2eff .9), where on larger
“clump” and “cloud” scales, the relation flattens to match a
locus of constant column density (M350µm ∝ r2eff .3). We assert
that these relations rely strongly on the boundaries drawn
around the structures of interest.
7. For the 52 leaves overlapping with a Herschel point source,
we fit the SEDs with blackbodies. We derive bolometric tem-
peratures and luminosities and find that all cores fall below
the Tbol <70 K definition for Class 0 sources, though the lu-
minosities are significantly higher than Class 0 sources in
nearby Gould Belt clouds.
8. Our evolutionary indicators show that SABOCA leaves (with
no Herschel counterpart) may simply be low-luminosity cold
cores. Both populations show no indication in the infrared
of embedded star formation, similar mass ranges, (upper-
limit) bolometric temperatures below 30 K, which is the fidu-
cial mark below which cores are catergorized “starless ” or
“prestellar.” Based on evolutionary models in the literature,
the leaves are in the earliest phases of what might become
solar mass stars up to stars of 50 M or greater.
9. We calculate an upper limit to the lifetime of massive (M >
40 M) starless cores of 2.1×104 yr, based on statistical life-
times of high-mass protostars, significantly shorter than star-
less timescales in low-mass clouds.
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Fig. A.1. IRDC310.39-0.30: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour levels
begin at 14 Jy beam−1 and increase in steps of 5 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b), and
green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if it
is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. The scalebar is in units of Jy beam−1. See Section 3 for details.
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Fig. A.2. IRDC316.72+0.07: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour
levels begin at 2 Jy beam−1 and increase in steps of 4 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b),
and green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if
it is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. See Section 3 for details.
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Fig. A.3. IRDC320.27+0.29: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour
levels begin at 3 Jy beam−1 and increase in steps of 1 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b),
and green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if
it is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. See Section 3 for details.
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Fig. A.4. IRDC321.73+0.05: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour
levels begin at 5 Jy beam−1 and increase in steps of 2 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b),
and green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if
it is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. See Section 3 for details.
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Fig. A.5. IRDC004.36-0.06: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour
levels begin at 4 Jy beam−1 and increase in steps of 1 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b),
and green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if
it is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. The scalebar is in units of Jy beam−1. See Section 3 for details.
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Fig. A.6. IRDC009.86-0.04: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour
levels begin at 4 Jy beam−1 and increase in steps of 1 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b),
and green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if
it is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. The scalebar is in units of Jy beam−1. See Section 3 for details.
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Fig. A.7. IRDC011.11-0.12: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour
levels begin at 4 Jy beam−1 and increase in steps of 2 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b),
and green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if
it is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. The scalebar is in units of Jy beam−1. See Section 3 for details.
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Fig. A.8. IRDC015.05+0.09: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour
levels begin at 8 Jy beam−1 and increase in steps of 1 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b),
and green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if
it is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. The scalebar is in units of Jy beam−1. See Section 3 for details.
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Fig. A.9. IRDC 18223: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour levels
begin at 4 Jy beam−1 and increase in steps of 4 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b), and
green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if it
is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. The scalebar is in units of Jy beam−1. See Section 3 for details.
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Fig. A.10. IRDC019.30+0.07: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour
levels begin at 5 Jy beam−1 and increase in steps of 2 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b),
and green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if
it is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. The scalebar is in units of Jy beam−1. See Section 3 for details.
18h42m40s45s50s55s
RA (J2000)
04'00"
03'00"
02'00"
01'00"
-4°00'00"
-3°59'00"
D
e
c 
(J
2
0
0
0
)
0.5 pc
18h42m40s45s50s55s
RA (J2000)
04'00"
03'00"
02'00"
01'00"
-4°00'00"
-3°59'00"
0.5 pc
1.5
3.0
4.5
6.0
7.5
9.0
10.5
12.0
13.5
15.0
Fig. A.11. IRDC028.34+0.06: Left: The image is the PACS 100 µm with SPIRE 350 µm contours overplotted. The white contour
levels begin at 16 Jy beam−1 and increase in steps of 5 Jy beam−1. The blue circles are PACS cores identified in Ragan et al. (2012b),
and green circles are candidate 70 µm-dark cores. A circle is filled if it is recovered as a “leaf” with SABOCA, and it is left open if
it is not. Cyan crosses are the positions of all dendrogram leaves. Right: SABOCA 350 µm image is plotted in greyscale with red
contours showing the “leaf” structures identified with dendrogram and green contours show lower-level structures (“branches”) in
emission, if any. The scalebar is in units of Jy beam−1. See Section 3 for details.
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Table B.1. Leaves from dendrogram decomposition of SABOCA 350 µm image.
Leaf RA (J2000) Dec (J2000) S atot S parent < NH2 >
b re f f M20K350µm M
b
350µm Comment
number (h:m:s) (◦:
′
:
′′
) (Jy) (Jy beam−1) (cm−2) (pc) (M) (M)
IRDC310.39
1c 13:56:01.4 -62:14:20 25.4 0.9 3.40E+22 0.41 223 307 pacs
2 13:56:04.2 -62:14:02 0.8 0.9 1.52E+22 0.18 7 16
IRDC316.72
1 14:44:04.8 -59:41:47 2.8 0.0 1.53E+22 0.09 7 22
2 14:44:15.4 -59:43:14 0.3 2.9 4.04E+22 0.06 1 1
3 14:44:16.1 -59:43:25 0.3 3.5 4.99E+22 0.05 1 1
4 14:44:16.4 -59:44:46 4.1 1.2 2.24E+22 0.16 11 34
5 14:44:17.1 -59:43:33 0.5 3.6 4.99E+22 0.09 1 3
6 14:44:17.4 -59:43:48 0.9 3.6 5.19E+22 0.09 2 3 pacs
7 14:44:19.4 -59:44:20 9.0 3.1 5.12E+22 0.20 24 93 cold
8 14:44:21.1 -59:44:41 0.9 3.1 4.59E+22 0.09 2 2 pacs
9 14:44:23.3 -59:45:01 2.1 2.1 3.54E+22 0.11 6 8 pacs
10 14:44:25.3 -59:45:14 0.3 1.6 2.44E+22 0.06 1 1
11 14:44:26.2 -59:45:30 3.2 1.6 2.98E+22 0.13 9 26
12 14:44:28.4 -59:45:49 0.5 1.7 2.53E+22 0.09 1 3
13 14:44:29.8 -59:45:31 0.3 1.3 2.04E+22 0.06 1 2
14 14:44:30.2 -59:46:04 1.2 1.7 2.87E+22 0.09 3 8
15 14:44:33.3 -59:46:14 0.3 0.8 1.50E+22 0.06 1 2
16 14:44:33.5 -59:46:04 0.4 1.1 1.86E+22 0.06 1 1 pacs
17 14:44:34.7 -59:45:57 0.2 1.1 1.72E+22 0.05 1 1
18 14:44:34.8 -59:46:22 1.9 0.0 1.47E+22 0.08 5 14 cold
19 14:44:35.6 -59:45:35 2.2 0.8 1.91E+22 0.11 6 22 cold
20 14:44:36.7 -59:45:19 0.6 0.8 1.42E+22 0.09 2 4
21 14:44:37.5 -59:45:58 0.4 1.5 2.40E+22 0.06 1 2
22c 14:44:40.2 -59:46:21 10.8 1.5 3.19E+22 0.20 29 60 pacs
23 14:44:43.0 -59:46:53 1.4 1.4 2.38E+22 0.10 4 9
24 14:44:44.8 -59:46:10 1.5 0.9 1.82E+22 0.11 4 8 cold
25 14:44:46.7 -59:46:38 0.6 1.8 2.91E+22 0.07 1 2 cold
26 14:44:47.5 -59:47:17 1.5 2.7 4.16E+22 0.10 4 10
27 14:44:47.8 -59:46:53 0.5 1.9 2.96E+22 0.07 1 3
28 14:44:49.3 -59:47:17 0.9 2.8 4.05E+22 0.09 2 5
29 14:44:49.5 -59:45:27 1.7 0.0 2.23E+22 0.06 4 8 pacs
30 14:44:51.1 -59:47:32 0.8 3.1 4.87E+22 0.06 2 4
31 14:44:51.4 -59:48:11 0.6 3.0 4.80E+22 0.05 1 3
32 14:44:51.8 -59:46:12 1.2 0.0 1.48E+22 0.06 3 7 pacs
33 14:44:52.5 -59:46:28 0.9 0.0 1.25E+22 0.06 3 6
34 14:44:53.1 -59:47:41 1.4 3.9 6.31E+22 0.07 4 10
35 14:44:53.5 -59:46:42 5.5 0.0 2.43E+22 0.10 15 23 pacs
36 14:44:55.5 -59:46:54 1.7 0.0 1.91E+22 0.06 5 8 pacs
37 14:44:55.5 -59:45:49 1.7 0.0 2.73E+22 0.05 4 11
38 14:44:56.9 -59:48:03 53.5 8.6 1.86E+23 0.18 142 90 pacs
39 14:44:58.6 -59:47:19 1.1 1.6 3.06E+22 0.07 3 7
40 14:44:59.2 -59:47:32 0.8 1.8 3.42E+22 0.06 2 4
41 14:45:00.2 -59:47:37 0.8 2.3 3.86E+22 0.06 2 5
42 14:45:01.0 -59:46:19 2.5 0.0 3.03E+22 0.06 7 17 cold
IRDC320.27
1 15:07:32.4 -57:53:30 1.1 0.0 1.44E+22 0.05 2 5
2 15:07:32.9 -57:53:40 0.8 0.0 1.31E+22 0.04 1 3
3 15:07:55.5 -57:54:34 0.6 1.3 2.41E+22 0.05 1 2 cold
4 15:07:57.6 -57:54:26 1.3 1.3 2.43E+22 0.08 2 3 pacs
IRDC321.73
1 15:18:00.7 -57:21:14 1.8 0.0 1.38E+22 0.06 3 9
2 15:18:01.4 -57:22:05 9.1 0.0 1.87E+22 0.13 17 34 pacs
3 15:18:05.8 -57:24:34 1.0 0.0 1.24E+22 0.05 2 2 pacs
4 15:18:26.4 -57:22:00 15.6 0.0 2.91E+22 0.13 29 43 pacs
5 15:18:29.3 -57:21:56 2.8 0.0 1.53E+22 0.08 5 9 pacs
IRDC004.36
1 17:55:41.7 -25:13:56 0.8 0.0 9.23E+21 0.07 3 6
2 17:55:51.8 -25:13:15 1.8 0.0 9.84E+21 0.11 7 18
3 17:55:53.9 -25:13:05 0.3 0.8 1.45E+22 0.06 1 2
4 17:55:55.0 -25:13:10 0.7 0.8 1.42E+22 0.10 3 6
IRDC009.86
1 18:07:33.9 -20:26:09 1.3 0.0 1.15E+22 0.07 3 8
2 18:07:34.0 -20:26:21 1.4 0.0 1.30E+22 0.07 3 3 pacs
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Table B.1. continued.
Leaf RA (J2000) Dec (J2000) S atot S parent < NH2 >
b re f f M20K350µm M
b
350µm Comment
number (h:m:s) (◦:
′
:
′′
) (Jy) (Jy beam−1) (cm−2) (pc) (M) (M)
IRDC011.11
1 18:09:58.9 -19:27:43 2.2 0.0 2.09E+22 0.09 9 25
2 18:10:03.8 -19:23:09 2.8 0.0 1.74E+22 0.11 11 33
3 18:10:05.0 -19:23:11 2.9 0.0 1.45E+22 0.12 12 34
4 18:10:05.6 -19:26:37 5.7 0.0 1.92E+22 0.14 23 36 pacs
5 18:10:06.9 -19:27:45 1.6 1.4 2.33E+22 0.14 6 16
6 18:10:07.0 -19:28:09 0.9 0.8 1.69E+22 0.11 4 9
7 18:10:07.4 -19:29:15 3.0 3.3 5.99E+22 0.11 12 10 pacs
8 18:10:07.5 -19:29:01 0.5 3.3 4.80E+22 0.08 2 4
9 18:10:07.5 -19:28:02 1.3 1.2 2.51E+22 0.10 5 13
10 18:10:07.8 -19:27:51 0.3 1.4 2.17E+22 0.08 1 2
11 18:10:08.3 -19:28:16 0.4 1.1 1.90E+22 0.08 2 3
12 18:10:13.2 -19:24:22 2.8 0.0 1.55E+22 0.11 11 33
13 18:10:18.1 -19:24:38 2.0 0.0 1.43E+22 0.10 8 23
14 18:10:19.3 -19:24:24 2.1 0.0 1.44E+22 0.10 8 17 pacs
15 18:10:24.6 -19:23:05 1.0 0.0 1.30E+22 0.07 4 9
16 18:10:25.0 -19:17:45 12.6 0.0 2.05E+22 0.21 51 210
17 18:10:27.0 -19:18:11 1.5 0.0 1.54E+22 0.08 6 6 pacs
18 18:10:28.5 -19:22:35 48.5 1.6 5.10E+22 0.33 196 183 pacs
19 18:10:30.2 -19:14:43 4.2 0.0 1.62E+22 0.13 17 55
20 18:10:31.1 -19:22:27 0.2 1.6 2.39E+22 0.07 1 1
21 18:10:32.8 -19:22:28 0.7 1.3 2.23E+22 0.10 3 6
22 18:10:32.8 -19:22:13 0.2 1.5 2.22E+22 0.07 1 1
23 18:10:33.3 -19:21:56 0.4 1.7 2.61E+22 0.08 2 3
24 18:10:33.6 -19:22:07 0.3 1.7 2.58E+22 0.08 1 1 pacs
25 18:10:33.9 -19:21:47 0.7 1.5 2.54E+22 0.09 3 6
26 18:10:34.2 -19:21:36 0.2 1.4 2.15E+22 0.07 1 1
27 18:10:34.4 -19:20:55 6.8 0.0 1.63E+22 0.17 27 116 cold
28 18:10:34.4 -19:17:07 1.3 0.9 1.61E+22 0.14 5 6 cold
29 18:10:34.8 -19:16:51 0.5 1.0 1.70E+22 0.08 2 4
30 18:10:34.8 -19:17:26 1.1 0.0 1.76E+22 0.07 4 10
31 18:10:35.0 -19:16:39 0.4 1.0 1.82E+22 0.07 2 3
32 18:10:35.5 -19:17:00 1.1 0.0 1.76E+22 0.07 4 10
33 18:10:38.3 -19:19:53 1.2 0.0 1.43E+22 0.08 5 3 pacs
34 18:10:40.1 -19:11:35 1.6 0.0 1.62E+22 0.08 6 16
35 18:10:40.3 -19:15:44 5.7 0.0 1.50E+22 0.16 23 78
IRDC015.05
1 18:17:32.0 -15:46:40 0.6 1.6 3.09E+22 0.06 2 4
2 18:17:32.2 -15:46:26 1.8 1.6 3.15E+22 0.10 5 14
3 18:17:38.2 -15:51:46 7.0 0.0 3.33E+22 0.11 21 77
4 18:17:39.0 -15:48:45 0.4 1.9 3.15E+22 0.06 1 2
5 18:17:39.3 -15:49:00 6.0 1.9 3.71E+22 0.16 18 63
6 18:17:40.3 -15:49:44 4.1 0.0 2.60E+22 0.09 13 41
7 18:17:51.5 -15:51:58 3.7 0.0 2.58E+22 0.09 11 35
8 18:17:52.5 -15:49:56 2.6 0.0 2.47E+22 0.07 8 23
IRDC18223
1 18:25:06.5 -12:46:11 0.2 0.7 1.16E+22 0.08 1 1
2 18:25:07.4 -12:45:56 3.4 1.1 2.32E+22 0.17 15 17 pacs
3 18:25:07.4 -12:47:53 4.0 0.0 1.44E+22 0.14 17 25 pacs
4 18:25:08.7 -12:45:24 25.3 1.1 3.52E+22 0.30 108 143 pacs
5 18:25:09.5 -12:44:52 0.2 1.0 1.64E+22 0.07 1 1
6 18:25:09.9 -12:44:14 14.3 1.0 2.42E+22 0.31 61 99 pacs
7 18:25:10.8 -12:42:30 64.2 2.5 7.59E+22 0.33 274 254 pacs
8 18:25:11.3 -12:41:48 0.7 2.5 3.76E+22 0.10 3 2 pacs
9 18:25:12.2 -12:41:08 0.7 0.0 1.12E+22 0.07 3 3 cold
10 18:25:17.7 -12:48:27 2.2 0.0 1.46E+22 0.11 9 14 pacs
IRDC019.30
1 18:25:52.4 -12:04:56 4.5 0.0 2.83E+22 0.07 9 13 pacs
2 18:25:58.3 -12:04:23 1.7 0.0 2.03E+22 0.05 3 4 pacs
3 18:25:58.9 -12:04:03 17.9 0.0 4.31E+22 0.12 35 36 pacs
IRDC028.34
1 18:42:36.1 -04:02:25 0.8 1.3 2.56E+22 0.11 6 13
2 18:42:37.5 -04:02:05 85.9 1.3 6.18E+22 0.48 611 782 pacs
3 18:42:40.1 -04:00:32 1.6 0.0 2.10E+22 0.10 11 29
4 18:42:45.0 -04:04:11 2.2 1.3 2.43E+22 0.18 15 22 cold
5 18:42:46.7 -04:04:12 3.9 1.3 2.70E+22 0.21 27 87
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Table B.1. continued.
Leaf RA (J2000) Dec (J2000) S atot S parent < NH2 >
b re f f M20K350µm M
b
350µm Comment
number (h:m:s) (◦:
′
:
′′
) (Jy) (Jy beam−1) (cm−2) (pc) (M) (M)
6 18:42:49.3 -04:02:20 22.6 0.0 3.06E+22 0.30 161 769
7 18:42:50.4 -04:02:01 3.7 0.0 2.88E+22 0.13 26 37 pacs
8 18:42:50.8 -04:03:15 48.3 0.0 4.35E+22 0.37 344 1369 pacs
9c 18:42:52.1 -04:00:01 387.3 3.9 1.60E+23 0.66 2755 5784 pacs
10 18:42:53.1 -04:02:45 0.6 2.3 3.64E+22 0.11 4 9
11 18:42:54.4 -04:02:30 6.8 2.3 4.89E+22 0.21 49 110 pacs
12 18:42:54.4 -04:00:46 0.5 1.8 3.08E+22 0.09 3 7
13 18:42:54.5 -04:00:14 1.2 3.9 6.16E+22 0.12 9 21
14 18:42:55.0 -04:00:57 2.1 1.8 3.31E+22 0.17 15 41
15 18:42:55.0 -04:02:13 0.8 1.4 2.54E+22 0.11 6 5 pacs
16 18:42:55.0 -04:01:56 0.3 1.5 2.43E+22 0.09 2 4
17 18:42:55.5 -04:01:38 6.2 0.0 2.43E+22 0.18 44 155
18 18:42:55.5 -04:01:18 1.9 1.8 3.27E+22 0.16 13 19 cold
19 18:42:55.8 -04:01:51 0.4 1.5 2.52E+22 0.09 3 5
20 18:42:56.6 -03:59:56 1.6 0.0 2.31E+22 0.09 11 29
(a) Integrated flux contribution from dendrogram leaf (with parent branch/trunk flux subtracted).
(b) Assuming Tdust of the best fit (see Table 2) or (if no Herschel counterpart) the upper limit temperature.
(c) Leaf overlaps with multiple Herschel cores (see Section 4.5 for details).
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